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Abstract: Attached garages are known to be associated with indoor air volatile organic 
compounds (VOCs). This study looked at indoor exposure to VOCs presumably from 
evaporative emissions of gasoline. Alaskan gasoline contains 5% benzene making benzene 
a marker for gasoline exposure. A survey of randomly chosen houses with attached garages 
was done in Anchorage Alaska to determine the exposure and assess respiratory health. 
Householders were asked to complete a health survey for each person and a household 
survey. They monitored indoor air in their primary living space for benzene, toluene, 
ethylbenzene and xylenes for one week using passive organic vapor monitoring badges. 
Benzene levels in homes ranged from undetectable to 58 parts per billion. The median 
benzene level in 509 homes tested was 2.96 ppb. Elevated benzene levels in the home were 
strongly associated with small engines and gasoline stored in the garage. High 
concentrations of benzene in gasoline increase indoor air levels of benzene in residences 
with attached garages exposing people to benzene at levels above ATSDR’s minimal risk 
level. Residents reported more severe symptoms of asthma in the homes with high gasoline 
exposure (16%) where benzene levels exceeded the 9 ppb. 
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1. Introduction  
Over the past two decades volatile organic compounds (VOCs) measured in Alaska have had higher 
concentrations in both indoor and ambient air than most other cities in the United States [1]. Previous 
studies in Alaska have shown that attached garages are a significant source of benzene and other 
VOCs in the living space of the home. This project measured indoor VOCs, including benzene, in a 
random sample of homes with attached garages and investigated whether respiratory symptoms were 
associated with VOC exposure where the exposure was from evaporative emissions rather than 
combustion of gasoline. 
Alaska is not required to use reformulated gasoline. The benzene content of Alaska gasoline is 
approximately 5% by volume, which is three to ten times higher than most gasoline used in the U.S. 
Material Safety Data Sheets from Alaskan refineries indicate that Alaska gasoline has a high content of 
all aromatics and has high volatility. Because benzene is a known carcinogen, it has been eliminated 
from household products, where toluene and xylenes are still in use. Benzene is a marker for   
gasoline exposure. 
An indoor air study of 137 Anchorage homes performed in 1995 associated elevated benzene levels 
with the presence of attached garages, as well as parked motor vehicles, gasoline powered equipment 
and storage and use of fuel in the attached garages. Concentrations were highest in colder months 
when homes were tightly closed [2]. A study conducted by the University of Washington in 2004 
showed that benzene, toluene, ethyl benzene, and xylenes (BTEX) concentrations in attached garages 
in Anchorage were typically 10 to 15 times higher than ambient levels. Tracer gas measurements  
from 45 homes showed that much of this highly polluted garage air was infiltrating into the living 
space of the house and was the most significant source of benzene in the home. On average, 27% of 
the air found inside the home was shown to have originated from the garage and attached garages 
accounted for more than 90% of the benzene found in the living space [3]. The contribution from 
garage air infiltration appears to be higher in Anchorage than other locations where similar 
measurements have been conducted. In 15 houses with attached garages in southeast Michigan, 
infiltration from the garage accounted for 6.5 ± 5.3% of total air exchange and 50–60% of total BTEX 
in the living space [4]. Among 11 houses examined in a Boston area study, at the median, 
approximately 40% of the BTEX was attributable to sources in the attached garage. [5].  
It is clear that VOCs can significantly affect respiratory health. Chamber studies show that healthy 
people when exposed to VOCs at less than 50 mg/cubic meter of air for four hours developed   
dose-related increases in lower respiratory and upper respiratory symptoms, with no significant change 
in lung function [6]. Children living in the Kanawha valley West Virginia, USA reported increased 
respiratory symptoms in relation to measured VOC exposure [7]. A recent study using National Health 
and Nutrition Examination Survey (NHANES) and personal VOC monitoring found that   
persons exposed to environmental aromatic VOCs had an odds ratio of 1.63 (1.17–2.27) of having  
doctor-diagnosed asthma [8].  Int. J. Environ. Res. Public Health 2010, 7          
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Roadways are associated with increased PM-2.5 but they are also a common source of VOCs. 
Children living in close proximity to roadways have more respiratory symptoms [9-13], decreased lung 
function [13-15], more respiratory hospitalizations [16] and increased symptoms of asthma [17-21]. 
Children exposed to VOCs in their homes had increased risk of hospitalizations for asthma [22]. 
Recently two studies from very different locations have both shown that children without a   
family history of asthma are much more likely to develop asthma if they are living close to heavy  
traffic areas [23,24].  
Environmental exposure to VOCs is a common occurrence, but difficult to study because of 
confounding by other pollutants and the difficulty in establishing exposure levels. This study was done 
to determine the extent of exposure to gasoline fumes that was occurring within homes with attached 
garages. The study also addressed whether there might be respiratory health effects from such 
exposure. It is expected that this approach would reduce confounding by fine particulates, road dust 
and the combustion products of fuel such as nitrogen and sulfur oxides. 
2. Methods 
After approval from the Institutional Review Board, tax records from the approximately 70,000 
residential units in the Municipality of Anchorage were sorted to identify single family homes with 
attached garages that were occupied by the owner. There were approximately ten thousand such 
houses in the Municipality of Anchorage. In November 2008 a random sample of 1,700 homeowners 
was mailed a recruitment letter soliciting their participation in the study. A second recruitment letter 
was sent to those in the same group who had not responded.  
A total of 571 (34%) households agreed to participate. Of these, 509 successfully completed 
monitoring within their home. Sampling was conducted during the winter season (November 2008 
through April 2009) as the acceptances came in. Participating households were required to complete a 
short survey to document basic architectural and mechanical features of their home (square footage, 
heating system type, year built, etc.) and to confirm they had an attached garage. The survey asked 
whether the garage was used for parking cars and whether containers of gasoline and/or solvents  
were stored inside. Respondents were also asked to provide information on the number and type of 
gasoline-fueled equipment (e.g., lawnmowers, chainsaws, generators, snowmobiles, ATVs, snow 
blowers, etc.) in the garage.  
Participating households were instructed to deploy a 3M
TM OVM 3500 passive organic vapor 
monitoring badge in their primary living area for one week. Specific instructions were provided to 
each household about how to deploy the badge and properly document the sample. Every tenth 
household was sent two badges to deploy simultaneously to assess sampling precision. In preparation 
for this study, OVM 3500 passive badge measurements were compared with the EPA Method TO-15 
Summa canister method. Collocated canisters and OVM 3500 badges were found to consistently agree 
within 15% for all BTEX compounds. 
All organic vapor monitors were delivered to the Applied Science and Environmental Technology 
(ASET) laboratory at the University of Alaska Anchorage. The target compounds (benzene, toluene, 
ethyl benzene and the xylenes) were evaluated using the National Institute for Occupational Safety and 
Health protocol (EPA Compendium Method TO-17). The charcoal filters were extracted using 1 mL of Int. J. Environ. Res. Public Health 2010, 7          
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carbon disulfide containing 5 ug/mL 4-bromofluorobenzene as the internal standard. The extraction 
solvent was freshly prepared for each set of samples analyzed. Each charcoal pad was placed inside  
a 2 mL amber vial, 1 mL of the extraction solvent was added and the vials closed with Teflon lined 
caps. The pads were desorbed for 40 min in an ultrasonic bath with water maintained at 15–18 °C. 
After sonication the extract was withdrawn and transferred to an amber autosampler vial. Working 
analytical standards in the range of 0.1–10 ug/mL were prepared using the solvent plus ISTD for 
dilution of commercial standard solutions. All extracts and standards were analyzed by GC/MS using a 
Varian 3800 Gas Chromatograph equipped with a Varian 2200 Ion Trap detector. The separation was 
accomplished using an RTX-1 60 m × 0.25 mm id column with a 1 mm film thickness.  
Data quality was evaluated through the analysis of field and laboratory blanks, and by analyzing 
replicate samples collected from 10% of participating households. 
The health survey related to respiratory symptoms included eight questions modeled on questions 
from the International Study of Asthma and Allergies in Childhood (ISAAC) although they were 
modified to be applicable to adults as well as children. Parents answered for their children. 
Has this person EVER had wheezing or whistling in his/her chest at any time? 
If yes, in the last 12 months, how many attacks of wheezing?  
How often has this person awakened from sleep with wheezing? 
Has wheezing ever been severe enough to limit his/her speech to 1 or 2 words between breaths? 
Has his/her chest ever sounded wheezy during or after exercise? 
Has this person used medications such as inhalers or pills to help breathing? 
Has this person had a dry cough at night without a cold or chest infection? 
Severe asthma was identified by having either four or more wheezing attacks per year, one or more 
nights per week sleep disturbance due to wheezing or difficulty speaking during an attack. Because all 
of the aromatic VOCs that were measured were highly correlated with each other we decided to use 
benzene as the exposure of interest because the Agency for Toxic Substances and Disease Registry 
(ATSDR) has established minimal risk levels (MRLs) for non-cancer health effects for inhalation 
exposure to benzene that were within the range of the exposures that we had found. The MRLs provide 
a basis for discussion of health effects of exposure. There is no minimal risk levels set for gasoline 
because gasoline composition varies over time and location. The MRLs for benzene were set only for 
non-cancer outcomes. We established three exposure groups based on MRLs as follows:  
  High exposure      >9 ppb of benzene 
  Intermediate exposure    ≥3 ppb and ≤9 ppb of benzene 
  Low exposure      <3 ppb of benzene 
The “high exposure” group corresponds with ATSDR’s MRL designation for acute duration 
inhalation exposure (≤14 days). The “low exposure” group is below the ATSDR MRL for chronic 
exposure (>365 days) [25]. That is to say, that if the house remains below 3 ppb of benzene over the 
entire year the exposure is below the minimal risk level for benzene. 
The modeling for the analyses was done by using a generalized linear mixed model (GLMM) to 
account for the correlation based on number of persons in each household. This was a logistic model 
with the households being modeled as a random effect. The odds of reporting possible asthma-related Int. J. Environ. Res. Public Health 2010, 7          
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symptoms in the survey were tabulated for each group. Odds ratios were computed to contrast the 
likelihood of subjects reporting symptoms in the high and intermediate exposure relative to the low 
exposure group.  
3. Results and Discussion 
Of the 1,700 households invited, 571 (34%) households containing in total 1,584 individuals said 
they would participate. Six hundred and twenty responded. Households who declined to participate but 
returned the letter stated they would be on vacation, moving or were too busy to participate during the 
sampling period. All participants had lived in their homes more than one month. Five hundred nine 
households containing 1,484 persons completed the surveys and measured aromatics in their homes for 
at least one week.  
Caucasians were the predominant (85.1%) ethnic group. Eighty-five persons (5.7%) identified 
themselves as Asian or Pacific Islander. All other races were less than two percent except mixed race 
category of 57 persons (3.8%). Table 1 gives a summary of the demographics of the sample.  
Table 1. Demographics of the participants. 
Demographic Category  Number  (%) 
Gender Female 
Male 
Missing 
761 (50.8%) 
719 (48.0%) 
4 (0.2%) 
Race Caucasian 
Asian/PI 
Mixed race 
Black 
Am.I/Alaska Native 
Other 
Missing 
1,263 (85.1%) 
82 (5.5%) 
55 (3.7%) 
26 (1.8%) 
26 (1.8%) 
24 (1.6%) 
8 (0.5%) 
Age 0–19 
20–65 
66+ 
missing 
458 (30.6%) 
1,010 (67.5%) 
13 (0.9%) 
3 (0.2%) 
Employment Yes 
No 
826 (55.7%) 
658 (44.3%) 
Current Smokers 
(Individuals) 
Yes 
No 
missing 
55 (4%) 
1,424 (96%) 
5 (0.3%) 
Smokers live 
in household 
(Households) 
Yes 
No 
missing 
46 (8.9%) 
463 (89.9%) 
6 (1.2%) 
The recruitment targeted only homeowners with attached garages hence the average annual income 
for the households ($100,000 plus) was higher than the average income for households in Anchorage. 
Most houses were heated with natural gas (94%) and had forced air heat (89%). Int. J. Environ. Res. Public Health 2010, 7          
 
 
3056
Field blanks and laboratory blanks were all below detection limits for BTEX. For benzene, the 
coefficient of variation between replicate sample pairs averaged 14.7%.  
BTEX concentrations among the 509 homes were skewed to the left. The median concentration  
was 2.9 ppb. Forty seven percent (47%) of the homes had benzene levels greater than 3 ppb. Fifty-five 
homes or 10.8% had benzene levels below the limits of detection. Sixteen percent of the homes had 
levels greater than 9 ppb measured over one week which exceeds the ATSDR minimal risk level for 
acute exposure. Descriptive statistics for BTEX measurements are given in Table 2. 
Table 2. Descriptive statistics for indoor air BTEX analysis. 
  Benzene  Toluene  Ethylbenzene  Xylenes 
N  509  509  509  509 
Median (ppb)  2.88  7.34  0.83  3.01 
Minimum (ppb)  <0.4  <1.8  <0.7  <2.5 
Maximum (ppb)  58.29  179.17  13.74  77.26 
Concentration  
by Percentiles (ppb) 
 
25th  1.19  3.03  0.34  <2.5 
75th  5.92  14.68  1.74  8.05 
90th  11.16  27.36  3.15  14.14 
Figure 1 shows that the relative concentration of each of the BTEX compounds found indoors 
closely mirrored the relative composition of the various BTEX compounds found in gasoline, 
providing strong evidence that gasoline was the primary source of these compounds in the study 
homes. The average content of each of the BTEX compounds in gasoline was determined from 
analyses of approximately 150 samples of regular and premium gasoline sampled from 20 Anchorage 
stations in October 2008–September 2009. Indoor concentrations of the various BTEX compounds 
were also highly correlated with each other (r
2 > 0.9). 
Figure 1. Comparison of Anchorage gasoline BTEX composition with concentration in indoor air. 
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The relationship between the benzene concentration in each home and its architectural and 
mechanical features was examined; there was no statistically significant association between benzene 
and the size, nor age of the home, nor with the type of heating system used. The presence of smokers 
in the household was not related to the concentration of benzene. Benzene concentrations were, 
however, strongly positively associated with the presence of portable gasoline storage containers. The 
number of automobiles kept in the garage was suggestive of an association but not statistically 
significant, but the total number of engines (Figure 2) which included small engines plus vehicles that 
were kept in the garage was strongly correlated with the median level of benzene exposure. The line in 
the box of the boxplot indicates the median benzene level. 
Figure 2. Benzene levels in ppb vs. total number of engines kept in the garage. 
 
 
Households and individuals were divided by their benzene exposure over the one week of 
monitoring into low exposure (<3 ppb), intermediate exposure (3–9 ppb), and high exposure (>9 ppb). 
The numbers within these categories are in Table 3. 
Eight health measures were modeled to assess whether there was a difference in the proportion of 
those reporting particular health outcomes in the homes with low benzene as compared with those who 
had intermediate and high benzene exposures in their homes. Possible confounders such as age, 
exposure to gasoline at work or during leisure activities (e.g., boating, snowmobiling, etc.) and the 
presence of pets, molds and/or smokers in the home were included in the model. The interrelationship 
of being in household clusters was accounted for in the model. Table 4 shows the percentage at each 
exposure level having the symptom and the odds ratio of the high and intermediate exposure groups 
relative to the low exposure group. Odds ratios were greater than one for all health measures except Int. J. Environ. Res. Public Health 2010, 7          
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sleep disturbance, indicating that these symptoms were more prevalent in individuals living in houses 
with intermediate and high exposures to benzene.  
There was however, a significant association between elevated benzene and those exhibiting severe 
symptoms related to wheezing. Individuals in the high exposure group were 2.5 times more likely to 
have severe asthma symptoms than those in the low exposure group.  
Table 3. Benzene Exposure by Grouping. 
Exposure Individuals  Households
*  Median benzene level 
Low 
<3ppb 
791 275  1.25  ppb 
Intermediate 
3–9 ppb 
439 162  4.75  ppb 
High 
> 9 ppb  
252 81  12.27  ppb 
* Nine households measured BTEX but did not complete health surveys. 
Table 4. Odds ratios for reporting symptoms relative to low exposure < 3 ppb. 
 
% reporting symptom within each  
exposure group 
Odds ratio of having the  
symptom with the referent being  
low exposure <3 ppb 
Symptom 
Low 
exposure 
<3 ppb 
N = 787 
Intermediate 
exposure 
(3–9 ppb) 
N = 441 
High 
exposure 
>9 ppb 
N = 252 
Intermediate 
Exposure 
(3–9 ppb) 
Odds ratio 
(95% CI) 
High 
Exposure 
(>9ppb) 
Odds ratio 
(95% CI) 
Wheeze 12.8 13.7 14.2  1.03  (0.63,1.68)  1.15 (0.63,2.09) 
Asthma attacks  4.0  4.1  6.5  1.06 (0.52,2.17)  1.80 (0.80,4.06) 
Wheezing Sleep 
disturbance 
0.8 1.2 0.8  1.23  (0.32,4.64)  1.00 (0.17,5.88) 
Exercise-induced 
asthma 
11.8 13.7 15.4  1.28  (0.76,2.13)  1.48 (0.80,2.76) 
Dry Cough  14.1  14.2  17.9  1.06 (0.64,1.74)  1.49 (0.81,2.73) 
Diagnosed Asthma  12.4  13.1  12.5  1.04 (0.67,1.63)  1.06 (0.61,1.85) 
Allergies 30.8  31.0  30.8  1.11  (0.77,1.61)  1.13 (0.72,1.79) 
Severe asthma 
* 5.4  6.3  10.6 1.34  (0.70,2.54)  2.49 (1.22,5.07) 
* Severe asthma was identified by having either four or more wheezing attacks per year, one or 
more nights per week sleep disturbance due to wheezing, or difficulty speaking during an attack. Int. J. Environ. Res. Public Health 2010, 7          
 
 
3059
4. Discussion 
This study measured the indoor air benzene, toluene, ethylbenzene and xylenes (BTEX) in over 500 
residences with attached garages in Anchorage, Alaska. The relative proportion of BTEX measured in 
the indoor air mirrored the relative composition of BTEX compounds in Alaska gasoline, supporting 
gasoline as the primary source of BTEX in homes.  
Because benzene, a carcinogen, is not used in household products, it was used as a marker of 
gasoline exposure. Indoor air benzene was related strongly to the number of gasoline powered engines 
that were in the garage and with the presence of gasoline storage containers in the garage.  
The study results show that 16% of the houses with attached garages studied in Anchorage had 
indoor air benzene that exceeded the ATSDR minimal risk level (MRL) for acute exposure to inhaled 
benzene. This indicates that a substantial proportion of people who live in homes with attached 
garages are being exposed to gasoline fumes and elevated indoor benzene levels when the gasoline 
contains benzene at levels of 5% by volume.  
Not all attached garages are equal. Some garages have better vapor barriers or better ventilation 
than others and allow less gasoline fumes to enter the house. Storing gasoline and gasoline engines 
(lawn mowers, ATVs, snowmobiles, generators, etc.) in the garage are behaviors entirely dependent on 
the householder. Some people elect to store their gasoline and gasoline engines in storage sheds 
outside the garage-house airspace. Smoking contributed very little to the findings because only 46 
(9%) of households included a smoker and only 55 (4%) of the participants identified themselves as 
smokers.  
Although participants were randomly recruited from tax records, the participation rate was only 
34% of the homes indicating that the households might not be representative of all Anchorage   
homes with attached garages. Participation bias could skew the prevalence of asthma among 
participants, but is unlikely to confound a potentially related association with BTEX exposure. The 
prevalence of asthma measured in this study was consistent with the rates of asthma diagnosis reported 
by the Behavioral Risk Factor Surveillance System (BRFSS) in Alaska in 2009. 
The survey and BTEX measurements were completed by the homeowners with only written 
instructions from the researchers. It is possible that some homeowners placed the badges in areas of 
particularly high or low expected exposure not in the main living area at breathing level as they  
were instructed.  
The ATSDR minimal risk levels are set for exposure over a period of time. We measured the VOCs 
in the indoor air for one week during the winter months. The result may not be representative of 
exposure over a longer period of time or a different season. 
None of the survey answers were confirmed from medical records, nor were any physical health 
measurements done. Asthma diagnosis was a lifetime diagnosis and hence may not be related to the 
current residence. However, there was no increase in asthma diagnosis in children who were likely to 
have spent a larger proportion of their lifetime in the residence. Medication use could reduce the 
number of cases of severe asthma, however, participants were toward the upper end of the economic 
range and should have equal access to medication.  
Measuring indoor air exposure in an environment where 94% of homes were heated with natural 
gas and the other 6% by electricity should reduce the confounding effects of fine particulates from Int. J. Environ. Res. Public Health 2010, 7          
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combustion in this study. Benzene levels were a surrogate for gasoline exposure in this study, but it is 
unknown whether benzene, the mixture of aromatics, or other gasoline components are associated with 
the increased risk of severe asthma.  
The odds ratios did not reach statistical significance for the effects measured except for severe 
asthma; however, all but one of the odds ratios were positive for an exposure effect which would be 
unlikely if there were no effect of exposure. This study did not have sufficient power to look at the 
effects on vulnerable populations such as infants or elderly.  
5. Conclusions  
High concentrations of benzene in gasoline increase the risk of high indoor air levels of benzene in 
residences likely exposing a large part of the population where this occurs to benzene at levels above 
the minimal risk. Increased severity of asthma occurred when benzene levels exceeded 9 ppb although 
this may be related to the mixture of VOCs found in gasoline and not to benzene itself.  
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